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Description 

TECHNICAL FIELD 

5 This invention relates to an improved method and apparatus for controlling an AC induction motor by in- 

direct measurement of the air-gap voltage of the AC induction motor and using said air-gap voltage for gener- 
ating an optimal modulation frequency for the conversion of control signals from field coordinates to drive sig- 
nals in stator coordinates for the AC induction motor. The modulation frequency is generated so that the mag- 
netizing current is constant, which is a necessary condition for obtaining Natural Field Orientation. 

10 

PRIOR ART 

Many qualified systems for AC induction motor control are based on the concept "Field Orientation". This 
concept has been known for twenty years. Conventional field orientation requires measurement of the mag- 
15 netic field. However, the magnetic field is difficult to measure. 

Today there are systems for "Indirect Field Orientation". The field measurement has been replaced, for ex- 
ample, by methods which are based on measurement of the rotor frequency plus calculation of the slip fre- 
quency. Much research is still going on. 

Swedish patent No. 8000118 (same as European Patent No. 0049241 "Method and apparatus for control- 
20 ling an AC induction motor") discloses a control system which creates field orientation without field measure- 
ment, and is presently called "Natural Field Orientation". The motor contributes to the field orientation in a natu- 
ral way, thanks to the inherent properties of all AC induction motors. Said system operates with voltage control, 
and requires a speed sensor on the motor shaft. The present invention is a development and an improvement 
of said system and eliminates the speed sensor. The present invention can be used with voltage as well as 
25 with current control. 

In all field oriented control systems, also in the system according to the present invention, the motor is 
controlled by a control vector in field coordinates. The externally generated control vector is converted from 
field coordinates to stator coordinates by a first vector rotator and connected to the motor via frequency inver- 
ters. An airgap voltage appears in the motor. 

30 

DISCLOSURE OF THE INVENTION 

The present invention is characterized by the features of Claims 1 and 7. 

The airgap voltage has a centra! role in the AC induction motor. The present invention is based on indirect 

35 measurement of the airgap voltage. Then, the measured airgap voltage vector is transformed to field coordin- 
ates by a second vector rotator. An optimal rotation frequency is generated, proportional to the amplitude of 
the measured airgap voltage and both the vector rotators are controlled or rotated with this frequency, resulting 
in a constant ratio between the amplitude of the air-gap voltage and the modulation frequency, thereby ob- 
taining a constant amplitude of the magnetizing field current during all operating conditions. Quadrature be- 

40 tween the field current and the rotor current in each phase is automatically obtained, thanks to the constant 
amplitude of the magnetizing field current. The resistive rotor current is frequency independent and can be 
controlled without disturbing the field current or being disturbed by the field current. This can be defined as 
decoupled control of the two currents. Thus the major features of field oriented control, decoupling and quad- 
rature, are naturally obtained, thanks to the optimal modulation frequency. 

45 Thus, there is provided a control system for an AC induction motor, comprising a stator, a rotor, at least 

two stator windings and rotor windings, said control system comprising control signals, a first vector rotator 
for rotating said control signals with a first angle (a) for providing output signals connected to frequency inver- 
ters for providing drive signals to each stator winding of the motor, said first angle (a) being the time integral 
of a rotation frequency (w) which is controlled essentially for maintaining the amplitude of the magnetizing cur- 

50 rents of each stator winding constant. According to the invention, the control system comprises a means for 
measuring the voltages and/or currents of said drive signals, at least a second vector rotatorfor counterrotating 
said measured voltages and/or currents with a second angle (-a) which is the inverse of said first angle (a); a 
means for controlling said rotation frequency (w) in dependence of said counter-rotated measured voltages 
and/or currents essentially for maintaining the amplitude of said magnetizing currents of each stator winding 

55 constant. Preferably, both said voltages and currents of said drive signals are measured; and a calculation 
means calculates air-gap voltages (E1\ E2*...) for each stator winding according to the formulas: 

E1 * = V1 * - Is1 * Rs 
E2* = V2* - Is2* Rs .... 
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then, the second vector rotator counterrotates each air-gap voltage (E1*, E2*...) for providing an output 
control signal (E*) for calculating a rotation frequency (w) according to the formula; 
(All measured quantities are indicated with "*", also quantities derived from the measured quantities.) 

w = E * /lm L 

5 Said first angle (a) is obtained as the time integral of said rotation frequency (w). 

Although the present invention is based on an extremely simple motor model, it permits mathematically 
exact control. The leakage inductances can be neglected or included in the motor model. The new control sys- 
tem is inherently insensitive for variations in the rotor resistance. Compensation for variations in the stator re- 
sistance can be made. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is described in more details below by reference to the appended drawings of preferred em- 
bodiments of the invention, in which: 
15 Fig. 1 is a schematic diagram showing the symbol of a two-phase AC induction motor; 

Fig. 2 is a schematic diagram showing the equivalent circuit of one phase of the AC induction motor, ac- 
cording to the conventional transformer model; 

Fig. 3 is a vector diagram for Fig. 2 showing the relationship between the magnetizing current, the rotor 
current and the total stator current and the direction of the air-gap voltage; 
20 Fig. 4 is a vector diagram showing voltages of Fig. 2; 

Fig. 5 is a two- phase version of the vector diagram in Fig. 4. 
Fig. 6 is a block diagram of a vector rotator; 

Fig. 7 is a block diagram showing the central structure of a control system according to the invention; 
Figs. 8 and 9 are block diagrams showing two different versions of the control system according to the 
25 invention; 

Figs. 10, 11, 12 and 13 are block diagrams similar to Figs8and9and show further different versions of 
the control system according to the invention; 

Fig. 14 is a schematic diagram similar to Fig. 2 but including the leakage inductance; 
Fig. 15 is a vector diagram similar to Fig. 4 but including the leakage inductance; 
30 Figs. 16 and 17 are blockdiagrams showing anothertwo different versions of the control system according 

to the invention; 

Fig. 18 is a block diagram similar to Fig. 8 including three-phase vector rotators and a three-phase motor; 

Fig. 19 is a block diagram similar to Fig. 18 but including converters between two and three phases. 

For the present description certain conventions will be adopted for clarity. All quantities relating to field 
35 coordinates (to the left of the vector rotators in all figures) will be expressed as quantities with index N m" and 
V (and "s") meaning quantities with the phase angle parallel with inductive and resistive directions as shown 
in Figs. 3 and 4. They may vary in time but the time dependence is not related to the rotation of the control 
signals by the vector rotator. All quantities relating to stator coordinates (to the right in all figures) will be ex- 
pressed as quantities with index "1", "2",... relating to stator winding 1,2 .... Usually there are two or three stator 
40 windings relating to two-phase and three-phase motors although other numbers of phases are possible. All 
measured quantities are indicated with (not in the figures due to clarity), also quantities derived from meas- 
ured quantities. 

"Estimation" is an established term in modern control theory. If a variable cannot be measured directly, it 
can be measured indirectly (^estimated) by help of other variables, which are possible to measure, plus cal- 
45 cuiations. The present invention is based on estimated values of the airgap voltage in the motor. 
Certain conventions are necessary for the vector diagrams in the drawings. 

Field oriented control is a geometric control principle. The field orientation is related to the geometric field 
angle. Thus complex vectors are used to describe voltage, current and field vectors in a geometrical plane. 
These geometrical vectors must not be confused with the complex electrical vectors used to describe sinu- 

so soidal alternating quantities in classical AC circuit theory. 

Phenomena in the AC induction motor can be described by help of both vector types, but not by both types 
simultaneously. A choice must be made. The description of the present invention concentrates on phenomena 
in one single motor phase. Thus, the classical AC circuit theory will be used in the first part of the description, 
with complex electrical vectors. 

55 The same vectors will be considered as geometrical vectors in the second part of the description. Then, 

the vector direction is directly related to the physical direction in the motor, and the vector rotator performs a 
true geometrical conversion between different coordinate systems. A suitable motor model for this type of de- 
scription is given in chapter 10 of the book "Control of Electric Drives" by W. Leonhard, Springer Verlag. 
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A complex electrical vector is described by one single voltage or current With this mathematical model 
each terminal on the vector rotator controls a complete electrical vector. Thus, the vector rotator has two input 
vectors and two output vectors, one for each motor phase. 

A complex geometrical vector is described by two different voltages or currents. (Compare for example 
5 with Lissajoux figures on an oscilloscope, created by two voltages.) Thus, two terminals on the vector rotator 
are required for the description of one geometrical vector. 

It is confusing that a vector diagram can serve two purposes, and thus the actual vector type must be ac- 
curately defined in the description. 

10 DESCRIPTION OF PREFERRED EMBODIMENTS 

First the underlying theory will be explained in details. 

Then, the present invention will be described in two basic and two alternative versions plus some possible 
variations. 

15 The present invention relates to qualified control systems for high performance applications, for example 

servo applications. 

The expression "Field Oriented Control" was created by Blaschke at the end of the 1960's. This method 
is based on direct measurement of the magnetic field by Hall members in the air-gap of the motor. From the 
measured signals, the angular position of the magnetic field is determined, and thence the control signals can 

20 be transformed so that they are correctly aligned in view of the actual position of the magnetic field of the motor. 
This method is named "Direct Field Orientation". For a more detailed explanation, please refer to the article: 
"The principle of field orientation as applied to the new Transvector closed-loop control system for rotating- 
field machines", by Felix Blaschke, Siemens Review, Vol. 34, pp 217 - 220 May 1972. 

However, it is difficult to use Hall members, mainly since they generate weak signals and since it is desired 

25 to use standard motors without measuring members. Thus, it is desired to determine the position of the mag- 
netic field by measurements of other signals then the magnetic field. A possible method is to estimate the vol- 
tage over the main inductance of the motor and integrate said voltage, which gives a value of the magnetic 
field. The main drawback with said method is that integration at zero (or low) frequency gives undetermined 
results, since offset voltages of the integrator will result in drift of the integrator to the positive or negative rail. 

30 In WO-A-8201628 there is described a variant of the method of the preceeding paragraph which solves 

the problem of integrator drift. At low frequencies, the stator current is used as a measure of the magnetic field. 
At higher frequencies, the terminal voltage is integrated. These two signals are combined in a low-pass and 
high-pass filler to use the signals in their respective area of frequencies. Thus, WO-A-8201628 is a variant of 
"Direct Field Orientation". 

35 The interest for "Direct Field Orientation" has decreased and the interest has focused on "Indirect Field 

Orientation", a method originally suggested by Hasse at the end of 1 960's. Said method is based on measure- 
ment of the rotational frequency of the rotor and a calculated value of a slip frequency of the motor is added 
to the rotor rotational frequency. The sum of these frequencies is integrated and a desired field rotation fre- 
quency is obtained. If all caculattons and measurements are correct, the same performance is obtained as for 

40 "Direct Field Orientation". 

The essential problem with "Indirect Field Orientation" is the dependence of the motor parameters in the 
calculations, especially the time constant of the rotor, which is composed of the motor inductance and the rotor 
resistance. Intensive research is performed in this field but no good and simple solutions have been presented 
up to now. 

45 The present invention is a new approach and solves the problems of "Field Oriented Control" in a new way, 

and we call it "Natural Field Orientation" in order to distinguish it from "Direct" and "Indirect" field orientation. 

Natural Field Orientation can be defined as a method to obtain correct field orientation by help of constant 
amplitude of the magnetizing currents in each phase which results in quadrature between the magnetizing 
current and the rotor current. The constant amplitude is obtained by making the frequency proportional to the 

so airgap voltage. 

Natural Field Orientation can be described as an open loop control system. It creates optimal control sig- 
nals for the motor and trusts that the motor itself operates correctly. It should be observed that the AC induction 
motor has been used in a similar way for 100 years, operating on the fixed frequency and voltage of the line. 

A previously known control system is described in Swedish patent No. 8000118. Said control system gen- 
55 erates a voltage control vector (Sm, Sr) in field coordinates. Sm is constant and Sr is the external control signal. 
An optimal frequency signal w is calculated as a function of the signal Sr and the rotor speed, which is meas- 
ured. The frequency w is integrated, resulting in the control angle a for the vector rotator. The optimal frequency 
w keeps the magnetic stator field amplitude constant at all speeds and at all loads. It will be shown that this 
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is a necessary condition for optimal motor operation. 

Said control system controls the rotor circuit by the voltage Sr. Such voltage control gives the AC induction 
motor the same characteristics as a voltage controlled DC motor, essentially with the speed proportional to 
the control voltage. This is a limitation in such cases where direct torque control by help of the rotor current is 
5 wanted. 

Another limitation is the need for a speed sensor (or position sensor) on the motor. In many applications 
it is difficult or unpractical to mount a speed sensor on the motor. 

As a basis for the present invention an extremely simple system model will be described. This model is a 
development and improvement of the system model in the Swedish patent No. 8000118. 
10 The theory is studied in a two-phase motor. Conversion to and from three or more phases is trivial. 

Classical theory describes the induction motor by help of the rotating magnetic field at synchronous speed, 
which "drags" the rotor with a slightly lower speed, caused by the "slip". 

Here the induction motor will be described as an equivalent to the DC motor, with transformer coupling to 
the rotor circuit In a transformer, a current is transformed from the primary to the secondary winding. As a 
15 secondary effect a magnetic field is developed in the transformer, but this field has no practical use. However, 
in the AC induction motor both the transformation of current and the generation of a magnetic field contribute 
to the generation of torque. 

Like all systems for field oriented control the new system makes use of a vector rotator for conversion of 
a control vector from field coordinates to stator coordinates. The control problem can be divided in two parts: 
20 A) to control the rotation angle of the vector rotator, 

B) to generate a control vector in field coordinates. 

The first part of this description will describe the generation of a control angle for the vector rotator. 
Fig. 1 is a schematic diagram of a two-phase, two-pole AC induction motor comprising a stator 3 having 
two orthogonal stator windings 1 , 2, a rotor in the nature of a squirrel cage rotor having a plurality of rotor wind- 
25 ings 5, 6 each having a single short-circuited turn and two of which are shown in Fig. 1. Each phase operates 
as a transformer. Each stator winding 1 , 2 is a primary winding with two tasks. It transforms a current to the 
secondary winding 5, 6 in the rotor, and it creates a magnetic stator field, with the components B1 and B2. 
Consider operation on 50 Hz two-phase line voltage. With slightly idealized conditions: 
V1 = - VOsinwt B1 = BOcoswt 11 = - 10 sin wt (1) 
30 V2 = VOcoswt B2= BOsinwt 12 = lOcoswt (2) 

Torque = C(onstant) x (12 x B1 - 11 x B2) = C x 10 x B0 (3) 
Torque is generated exactly as in a DC motor, by a rotor current in a magnetic field from the stator. (There are 
other mathematical descriptions of the torque generation, but here this is a suitable model.) Torque is created 
without ripple thanks to the trigonometrical relations. The rotor current from phase 1 creates torque together 
35 with the magnetic field from phase 2, and vice versa. There is a perfect cooperation between the two phases, 
thanks to: 

1. The 90° geometrical difference between the phases. 

2. The 90° time difference between the two phases in the supply voltage, resulting in the same 90° time 
difference between the two phases of the magnetic field and between the two phases of the rotor current. 

40 3. The 90° time difference in each phase between the magnetic field component and the rotor current com- 

ponent. 

This can be described as "natural field orientation", created by the motor itself. It is robust, safe and simple. 
The same principle wit) be used in the present invention, but the operating range will be extended from line 
frequency down to and including 0 Hz. 
45 All the 90° relations above are necessary for optimal motor operation. The first two relations are automat- 

ically obtained by the motor design and by the definition of a two-phase system. The third relation must be 
created by the control system. It will be described as "quadrature". 

The motor has a symmetrical design. All phases have equal value and must be controlled in the same way , 
however, with 90° mutual phase angle. Consequently, it should be enough to study one phase. If one phase 
so is correctly controlled, and the other phase is controlled in the same way, the whole motor must operate cor- 
rectly. This important observation greatly simplifies the theory. The system model can be reduced from a two- 
dimensional geometrical system to a one-dimensional system during the initial studies. 

The control strategy will be: Study phase 1 and control the rotor current, which creates the torque. This 
is the primary purpose of the control system. Make sure that phase 1 simultaneously generates a correct mag- 
55 netic field. The field is necessary for phase 2. If phase 2 is controlled by the same rules, phase 1 will be sure 
to receive a field from phase 2. 

One phase will now be studied. Fig. 2 shows the conventional transformer model of one phase of the AC 
induction motor comprising a stator terminal 7, a main inductance 8, a stator resistance 9, a rotor resistance 
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10 and a counter EMF 11. The leakage inductances have been neglected, and are not shown. They can be 
included in the model later. The broken lines 48 symbolize the airgap between rotor and stator. The model is 
conventionally defined with a transformation ratio of 1 :1 between stator and rotor circuits. A current Im through 
the main inductance creates a magnetic field, which passes through the stator and the rotor. A stator voltage 
5 V is connected to the stator terminal 7 resulting in a stator current Is. An airgap voltage E is developed over 
the main inductance 8. The iron is assumed to have linear magnetic properties. Thus there is a linear relation 
between the magnetic field and the magnetizing current The magnetizing current is also called "field current". 
The airgap voltage E is transformed through the airgap to the rotor, where a rotor current Ir is developed. Torque 
is proportional to the rotor current Ir. The following quantities are used: 
10 Rs = stator winding resistance 9 

Rr = rotor winding resistance 10 

L = main inductance 8 

U = counter EMF 11 

V = terminal voltage 
15 E = "airgap voltage" 

Im = magnetizing current or field current 

Ir = rotor current 

Is = stator current 

According to classical AC circuit theory, a modulation with sin wtor cos wt is not shown. The voltages and 
20 currents are defined by their amplitudes (peak values, not RMS values). 

It will be shown that counter EMF U is modulated with the same phase angle as the airgap voltage E and 
the rotor current Ir. 

Both the magnetizing current Im and the rotor current Ir are functions of the airgap voltage E. 

Ir = (E - U)/Rr (4) 

25 Im = E/OwL) (5) 

w = the modulating frequency 
According to the present invention, the rotor current tr shall always be controlled according to equation 
(4), either by a voltage or a current source, connected to the motor terminal 7. This is the primary control func- 
tion. 

30 The magnetizing current Im shall always be controlled according to equation (5), by adjusting the frequency 
w. This is a secondary control function. For any given value of E, it is always possible to obtain the desired 
current Im by adjusting the frequency w. This will not change the rotor current Ir, which is entirely resistive and 
thus frequency independent. 

"DECOUPLING" (= independent and individual control of Im and Ir) is thus obtained by help of E and w. 

35 "QUADRATURE" (= 90° phase angle between Im and Ir) is automatically obtained as long as the amplitude 

of the magnetizing current Im is constant. This is true for all frequencies w and all waveshapes, not only for 
sinewaves. An exact mathematical definition or a mathematical proof is not given here. 

In order to obtain a constant amplitude of the magnetizing current Im it is sufficient to have a constant and 
linear relation between the airgap voltage E and the frequency w, according to equation (5). This is an important 

40 part of the control strategy according to the present invention. The frequency will always be controlled by E 
according to the equation: 

w = E * / (Im L) (6) 

where 

Im - the desired amplitude of the magnetizing current 
45 E* = an estimated value of the airgap voltage amplitude 
L = the main inductance. 

The equation (6) is valid also when E* = 0, and for positive and negative values of E\ A negative value of 
w means that the field vector rotates in a negative direction. 

Decoupling and quadrature are the major features of conventional field oriented control. Here they are 
so obtained in a natural way, almost automatically, if equation (6) is satisfied. 

It should be noted that decoupling by definition permits two degrees of freedom for controlling the two 
currents Im and Ir. By sacrificing the one degree of freedom, i.e. by keeping the magnetizing current Im con- 
stant, quadrature is obtained in exchange. 

Figs. 3, 4 and 5 are defined according to classical AC circuit theory with complex electrical vectors. Positive 
55 modulation is conventionally described by a counter-clockwise rotation of the whole diagram around the origin, 
with the vectors projected on the real axis. 

Fig. 3 defines the relationship between the airgap voltage vector E and the current vectors Im and Ir from 
Fig. 2. Also the total stator current Is is shown. The airgap voltage E is used as reference vector arbitrarily de- 
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fined in vertical direction. The currents are studied as functions of E according to equations (4) and (5) and 
not as functions of the terminal voltage V. This "trick" makes the mathematics and the vector diagram very 
simple. E and Ir have the same phase angle, and Im has 90° phase delay. It also makes it possible to define 
a control vector in a simple way. 

5 When the directions of the airgap voltage vector E and the two current vectors Im, Ir are defined, it is easy 

to draw a complete voltage vector diagram. 

Fig. 4 is a voltage vector diagram of the circuit shown in Fig. 2, based on the vectors in Fig. 3. The resistive 
voltage drops in the stator resistance due to the currents Ir, Im have been added to the airgap voltage E. The 
terminal voltage vector V is obtained as the sum of all vector components. 

10 In the basic version of the control system (voltage control), the voltage vector V is generated as the sum 

of two vector components Sm and Sr: 

V = Im Rs + (E + Ir Rs) = Sm + Sr (7) 
E, Sm. Sr, Im, and Ir have constant phase angles (by definition) but the phase angle of V can change be- 
tween plus and minus 90 degrees. (Sr can be positive as well as negative.) 

15 Fig. 5 shows a complete vector diagram for two motor phases with 90° phase difference. Also the modu- 

lation is defined: 

V1 = Sm1 cos wt - Sr1 sin wt (8) 
V2 = Sm2sinwt + Sr2 cos wt (9) 

where 

20 w = time modulation frequency 

t = time 

The modulation can be made by help of four multipliers and then the complete signals V1 , V2 are obtained 
by addition of two components each. Equations (8) and (9) describe the drive voltages for a two-phase motor. 
It was said before that all phases must be controlled in the same way, although with different phase angles. 
25 Thus: 

Sm1 = Sm2 - Sm (10) 
Sr1 = Sr2 = Sr (11) 

Consequently, the two output voltages are generated by only two input signals Sm and Sr and the different 
phase angles are created in the modulation circuit. 
30 So far it has been convenient to study one motor phase and use classical AC circuit theory with electrical 

vectors. But now the complete motor will be studied, and now the vector diagram in Fig. 4 will be defined as 
a geometrical vector diagram in field coordinates. In order to describe one complete vector, two components 
are needed, one real part Sm and one imaginary part Sr. The complete vector will be written as (Sm, Sr). 

By definition, the new vector (Sm, Sr) is stationary in relation to the rotating field in the motor, or in other 
35 words "synchronized" to the rotating field. The vector components Sm and Sr are created by the control system 
as DC values and shall be connected as control signals to a vector rotator, which transforms them from field 
coordinates to stator coordinates, creating an output vector (V1, V2) as two components V1 and V2 with AC 
values, before they are connected to frequency inverters and the stator windings. 

A vector rotator can mathematically be described by a complex expression: 
40 e* = cos a + jsina (12) 

The angle a is positive in counter-clockwise direction, starting from the horizontal axis (the real axis in a 
complex diagram). 

The vectors (Sm, Sr) and (V1, V2) are defined as complex vectors S and V: 

S = Sm + jSr (13) 

45 V = V1 + jV2 (14) 

Vector S is rotated the angle a for generating vector V: Thus 

V = VI +jV2 = Se» a = (Sm + jSr) eJ a = 
50 = (Sm +j Sr) (cos a+j sina) = 05) 

* Sm cos a- Sr sin a + j (Sr cos a + Sin sin a) 

Thus: 

55 V1 = Smcosa - Srsina (16) 

V2 = Srcosa + Sm sin a (17) 
This is the same result as in equations (8) and (9). However, the geometrical angle "a" is used instead of 
the electrical angle "wt" in Fig. 5. Equations (8) and (9) were taken directly from Fig. 4b but the same result 
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can be obtained by the conventional method in classical AC circuit theory: 

V1 = Re | (Sm1 + j Sr1) eH = Sm1 coswt - Sr1 sinwt (18) 
V2 = Re | (Sr2 - j Sm2) eH = Sm2 sin wt + Sr2 coswt (19) 
Th complex vectors (Sm1 + j Sr1) and (Sr2 - j Sm2) are defined by Fig. 5. 
5 The interpretation of equations (8) and (9) or (18) and (19) as two individual voltages and of equations 

(16) and (17) as one geometrical voltage vector in the stator plane gives the same result. The geometrical vector 
V can be represented by vector V1_ in Fig. 5. In this case vector V2 is excluded. 

Fig. 6 is a block diagram, showing the mathematical functions in a conventional vector rotator 12, according 
to equations (16) and (1 7). For two phases, there are four multiplying circuits (13-16) and two summing circuits 
10 1 7, 1 8. The input vector (Sm, Sr) is rotated with angle a and the output vector is (V1 , V2). 

Fig. 7 shows the central structure of a control system according to the present invention, with a control 
vector (Sm, Sr) in field coordinates connected to a vector rotator 12 and an output vector (V1, V2) in stator 
coordinates, connected to a motor 3. 

There are "power stages" 19, 20 (= frequency inverters) between the vector rotator 12 and the motor 3 
15 and they are assumed to be ideal elements, operating either as voltage sources or current sources. As an ex- 
ample they can be designed as PWM transistor inverters. In the present model they don't change the signal 
amplitude (voltage or current gain = 1). In a practical circuit they may have a certain gain. 

There may be local control loops inside each frequency inverter. Such loops are not considered in the pres- 
ent description. 

20 The vector rotator 12 is controlled by signals (sin a, cos a) from a trigonometrical table 21. The input angle 

a to the table 21 comes from an integrator 22, which integrates the input frequency w and delivers the output 
angle a, which is the time integral of the frequency w. The angle a is equal to wt for steady state operation 
with constant w and sinusoidal signals. Block 23 calculates the rotation frequency w as a function of an esti- 
mated airgap voltage E* according to equation (6). 

25 The integrator 22 may have a certain input offset resulting in an output drift. This is no problem as long 

as the drift error is sufficiently small. The integrator is a "moduIo-27i" integrator which integrates in a tangential 
direction around a unit circle, and it can never come to an end stop. In a practical system the integrator may 
be a binary up-down counter, which counts upwards to its maximum value and then continues directly to zero 
on the next count, and similarly in the downward direction. 

30 The sign of the estimated value E* can be positive as well as negative. It depends on the operating con- 

ditions. The sign of E* determines the direction of rotation of the vector rotator. 

In order to obtain correct magnetizing current, the voltage drop (Im Rs) in the stator resistance must be 
compensated. This is made by a voltage vector component Sm, described in equation (7). 

The described method for frequency generation keeps the magnetizing current (Im) constant. The rotor 

35 circuit is entirely resistive and thus insensitive to frequency variations. Thanks to this, there is no interaction 
from the magnetizing circuit to the rotor circuit. And conversely, the magnetizing circuit is not disturbed by the 
rotor circuit and variations in E. Actually, the magnetizing current has been "compensated" for variations in E. 
Thus, the system permits "decoupled" control of the rotor current and the magnetizing current. 

A consequence of this analysis is, that the AC induction motor always must be operated with a constant 

40 magneticfield amplitude, in order to obtain optimal operating conditions. Achange infield amplitude will always 
give a momentary quadrature disturbance. This is inherent in the motor, and no control system can change 
that Fortunately, the normal practice is to operate the motor with constant magnetic field. 

Field weakening will be possible by change of parameters and control values, but always at the cost of 
degraded dynamic performance (momentary loss of quadrature). 

45 The control system according to the present invention is based on estimation of the airgap voltage ampli- 

tude E\ Other solutions for field orientation have been tried, where the airgap voltage En* in each individual 
phase is estimated and then integrated in order to create an estimate of the magnetic field. Such solutions 
suffer from a problem with integrator offset and drift, and consequently they cannot be used down to zero fre- 
quency. The present solution doesn't suffer from this problem. 

so There were two parts of the control problem. Control problem A has been solved. It remains to generate 

a control vector. 

The rotor current Ir in Fig. 2 is controlled by the airgap voltage E, regardless of how this voltage is created. 
Consequently, the motor can be controlled at the terminal 7 by voltage source frequency inverters as well as 
current source frequency inverters. 
55 If voltage source frequency inverters are used, the total control vector shall be generated as the sum of 

two orthogonal components Sm and Sr, according to equation (7) and the same as in the Swedish patent No. 
8000118. Sm is normally constant and represents the voltage drop in the stator resistance, caused by the con- 
stant magnetizing current. Sr is the active control variable. It controls the motor and primarily the rotor circuit, 
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exactly as if it was a DC motor. Sr is composed of the voltage drop in the stator resistance caused by the rotor 
current, plus the airgap voltage E. The airgap voltage E is composed of the voltage drop in the rotor resistance 
caused by the rotor current, plus the counter EMF U. 

It is observed that the constant Im in block 23 has the same value as the constant Im in equation (7) and 
5 represents the desired magnetizing current, which according to the present invention should be constant. 

Fig. 8 shows a complete control system according to the present invention for Natural Field Orientation, 
based on the block diagram in Fig. 7. For simplicity block 21 is not shown. The phase voltages V1 , V2 at the 
motor terminals 7 are measured by measuring devices 24, 25 and the phase currents 1st, Is2 are measured 
by measuring devices 26, 27 and connected to a calculating block 28. Block 28 calculates the airgap voltage 
10 vector (E1*, E2*) according to the formulas: 

E1 * = V1 * - Is1 * Rs (20) 
E2* = V2* - Is2* Rs (21) 

where: 

V1*, V2*, Is1*, Is2* = measured instantaneous values 
15 E1*, E2* = values calculated from measured values (=estimated values) 

Rs = the stator resistance 

The equations can be obtained from Fig. 2. However, the values E1* and E2* are AC values and cannot 
conveniently be used directly for calculating the rotation frequency w. Instead, values E1*, E2* are regarded 
as a rotating airgap voltage vector (E1* + j E2*) which is then transformed from stator coordinates to field co- 
20 ordi nates in a vector counterrotator 29 rotating in the opposite direction as vector rotator 12. The output signals 
from the counterrotator 29 is a stationary airgap voltage vector (Em*, Er*) which should be parallel with Sr. 
Thus, Em* should be zero and is regarded as an error signal defined as £. The airgap voltage vector component 
Er* is equalled to E* and is used as input signal to calculation block 23 for calculating the rotation frequency 
w. 

25 If all measurements and calculations are correct, signal E* shall be identical with the vector E in Fig. 4 and 

the signal V shall be zero. The vector E as well as the estimated signal E* can be positive or negative. 

The estimated values E1 * and E2* are instantaneous values and thus modulated The transformed value 
E* has a constant amplitude without ripple. The vector counterrotator 29 may be described as a "synchronized 
demodulator". It is based on a multi-phase system. It wouldn't work in a one-phase system. 

30 The counter EMF U in phase 1 is proportional to the product of the rotor speed and the magnetic field from 

phase 2. The field in phase 2 is modulated with the same phase angle as the airgap voltage in phase 1. Thus 
the voltages U and E in Fig. 2 are modulated with the same phase angle. They would be parallel in a vector 
diagram. 

This version of the control system is essentially an improved version of the control system according to 
35 the Swedish patent No. 8000118, based on a different measuring system, but still with Natural Field Orienta- 
tion. 

The control characteristics are the same as for a voltage controlled DC motor. The control signal (Sr) es- 
sentially controls the rotor circuit and thus the speed. 

This control system and the three following control systems don't need a speed sensor on the rotor shaft. 
40 On the other hand, a new measuring system for the airgap voltage is needed which is the object of the present 
invention. 

The system in Fig. 8 operates with Natural Field Orientation. The voltage control vector (Sm, Sr) is con- 
nected to the vector rotator for conversion from field coordinates to stator coordinates. The control vector is 
not "synchronized" to the field by help of field measurements. Instead, the rotation of the vector rotator is con- 

46 trolled by the magnetizing circuit. The complete motor control system will automatically synchronize itself and 
create stable operating conditions. This is a great advantage with the AC induction motor. It is not necessary 
to know the rotor position. A magnetic field will be generated anywhere in the motor when the system is energ- 
ized. Then the operation will continue from this initial value. 

The conditions in the real motor will be the same as in Fig. 4 if the control system operates correctly. Thus, 

so the vector component Sr can be used as a control signal, always with correct field orientation, i.e. with quad- 
rature between the magnetizing current tm and the voltage Sr. The control system can be described as an open 
loop control system. Optimal control signals Sm, Sr and w are generated and then the system "trusts" that 
the motor will operate correctly. The system relies on stable motor parameters, essentially on the stability of 
the main inductance L. 

55 Natural Field Orientation is obtained by help of a constant magnetizing current. This is the most important 

parameter to control. The control system for Im can be studied and described from several different points of 
view. 

The magnetizing current Im is controlled by a closed loop system according to Fig. 8. The airgap voltage 
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E is measured and used for calculation of an optimal frequency w, which is intended to keep the magnetizing 
current Im constant. But the magnetizing current is never directly measured and controlled by a feedback loop. 
Consequently, this is also an open loop control system for magnetizing current. 

The explanation is that the magnetizing current depends on two variables, E and w, according to equation 
5 (5). Thus there are two degrees of freedom, and this requires two control loops. The closed loop according to 
the present invention generates a fixed relation between E and w. Then the numerical value of this relation 
defines the current Im according to equation (5), and this is the open loop control. The current depends on the 
value of the main inductance L A variation of L gives a current change. This is characteristic for open loop 
control. 

10 The main and only purpose of the closed loop in Fig. 8 is to make the magnetizing current Im independent 

of the airgap voltage E. The quotient between E and w will be correct for all values of E, thanks to the closed 
control loop. The loop works as a compensation for external disturbances, represented by the airgap voltage 
E. This is important, because the airgap voltage E is also part of the rotor circuit and changes within a very 
large range. 

15 Fig. 9 shows an alternative version of the control system according to Fig. 8 in which current source in- 

verters are used. The same designation numerals are used in Fig. 9 as in Fig. 8 for the same components. 
The control signal is a current vector (Im, Ir) and the vector rotator output signals are fed to current source fre- 
quency inverters 30, 31. The operation of the measuring system according to the invention is identical to Fig. 
8 and the generation of the rotation frequency takes place in the same way. It is observed that the constant 

20 Im in block 23 has the same value as the control variable Im fed to the vector rotator 12 and represents the 
desired magnetizing current, which according to the present invention should be constant. 

The control signal Ir is the real control variable. Ir controls the motor, and primarily the rotor circuit, exactly 
as if it was a DC motor. 

The control characteristics are the same as for a current controlled DC motor. The rotor current Ir controls 
25 the torque. 

As already described in the case with voltage control, the system will automatically synchronize and op- 
erate with correct field orientation, also in this case with Natural Field Orientation. 

The current source frequency inverters will deliver the desired currents to the motor windings. The currents 
must flow through the winding impedances. The currents will create a voltage vector in the motor, which is the 
30 same as if the motor was controlled by a voltage source frequency inverter. 

Exactly as in the case of a DC motor, the use of a current source has certain advantages. It permits direct 
control of the rotor current, and thus direct torque control. A good current source can deliver the desired current, 
independent of the circuit impedance. Thus the current source can "eliminate" or overcome the influence of 
the motor's leakage inductances. Further, the current source will deliver the desired current independent of 
35 the resistance in the stator and rotor circuit. 

Like the system in Fig. 8, this version of the control system is essentially an improved version of the control 
system according to the Swedish patent No. 8000118, based on a different measuring system, but still with 
Natural Field Orientation. Here current source frequency inverters are used instead of voltage source frequen- 
cy inverters, and this is an important improvement. 
40 Although the motor is current controlled the important function Natural Field Orientation is still based on 
voltage control, since the frequency is controlled by the estimated airgap voltage E*. 

Fig. 1 0 shows a different version of the control system according to Fig. 8 in which each measured quantity 
V1*, V2*, Is1*, Is2* is separately counterrotated by two counterrotators, the first of which 32 counterrotates 
the voltages and outputs the voltage vector (Sm*, Sr*) and the second of which 33 counterrotates the currents 
45 and outputs the current vector (Im*, Ir*). Said voltage vector (Sm* f Sr*) and said current vector (Im*, Ir*) are 
fed to a calculating block 34 which calculates the airgap voltage according to the equation: 

E * = Sr* - Ir* Rs (22) 
Equation (22) can be obtained from Fig. 4. 

It is observed that the signals Sr, Sm already exist in field coordinates and thus it is not necessary to coun- 
so terrotate said signals but they can be taken directly from the input to the vector rotator 12 as shown in Fig. 11 . 

It is also noted that signals Sm* and Im* are not used in calculating block 34, and thus said signals represent 

redundant information which can be used for other purposes, see below. 

Fig. 12 shows another different version of the control system according to Fig. 9 in which each measured 

quantity V1*, V2*, Is1* f Is2* is separately counterrotated by two counterrotators, the first of which 32 counter- 
55 rotates the voltages and outputs the voltage vector (Sm*, Sr*) and the second of which 33 counterrotates the 

currents and outputs the current vector (Im*, Ir*) similar to Fig. 10 but with current source frequency inverters 

30, 31. Said voltage vector (Sm*, Sr*) and said current vector (Im*, Ir*) are fed to calculating block 34 as in 

Fig. 10. 
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It is observed that the signals Ir, Im already exist in field coordinates and thus it is not necessary to coun- 
terrotate said signals but they can be taken directly from the input to the vector rotator 12 as shown in Fig. 13. 
It is also noted that signals Sm* and Im* are not used in calculating block 34, and thus said signals represent 
redundant information, see below. 

5 The accuracy of the control system according to the present invention relies on a true measurement or 

estimation of the airgap voltage. The stator resistance (and the leakage inductance, see below) must be known 
for calculation of the airgap voltage. Instead of "estimating" the airgap voltage by help of voltage and current 
measurement plus calculation, it is possible to install separate measuring windings in the motor, which can 
measure the induced airgap voltage in the motor. (A certain current compensation of the measured values is 

10 necessary as is wellknown.) Also these measurement results must be counterrotated to field coordinates. How- 
ever, this solution may be impractical in most cases and is not discussed further. 

Fig. 14 shows a commonly used motor model including a single leakage inductance 35. The rotor leakage 
inductance (not shown) has been transformed to the stator side and added to the stator leakage inductance, 
resulting in one single leakage inductance 1. 

15 It is noted that the other parameters of the motor model also are influenced upon by the transformation 

of the rotor leakage inductance to the stator side, and the model values are adjusted in accordance therewith 
when the effect of the leakage inductance is introduced in the motor model, see for example "Introduction to 
Field Orientation and High Performance AC Drives", chapter 2.6 - 2 "Modified Equivalent Circuit", Novotny - 
Lorenz, 1986 IEEE Industry Applications Society Annual Meeting. 

20 Exactly like Figs. 3, 4 and 5, Figs. 14 and 1 5 are defined with electrical vectors according to classical AC 

circuit theory. 

As an alternative to equations (20) and (21) a more exact calculation of the airgap voltage can be made: 

E1 * = V1 * - Is1 * (Rs + s I) (23) 
E2 * = V2 * - Is2 * (Rs + s I) (24) 

25 where: 

I = the value of I 
s = Laplace operator 

Equations (23) and (24) are more accurate than equations (20) and (21) and are preferred. The calculated 
vector (E1 *, E2*) is connected to the second vector counterrotator 29 in Fig. 8 or Fig. 9. This counterrotator is 
30 controlled by the same angle -a as the first vector rotator 12, although in opposite direction. 
The following equation is obtained from the upper part of Fig. 14: 

V = Rs Im + Rs Ir + jwl Im + jwl Ir + E (25) 
Fig. 15 shows the vector V, according to equation (25). The vector V can be created by two components 
Sm and Sr, similar to Fig. 4: 
35 Sm = Rs Im - wl Ir (26) 

Sr = Rs Ir + wl Im + E (27) 
An improved control system can be designed with compensation for the leakage inductance by help of a 
correction term (- wl Ir) which is added to the original signal Sm. The necessary signal Ir can be obtained from 
the measuring system, by help of an addition to Fig. 8 similar to Fig. 10. 
40 It is normally not necessary to compensate Sr for the leakage inductance, since Sr is externally generated, 

for example as an error signal in an external closed control loop. 

Fig. 14 shows the leakage inductance I in series with the stator resistance Rs. An ideal motor would have 
zero leakage inductance. This is not possible to obtain, but it is possible to design a voltage source frequency 
inverter with negative output inductance, intended to cancel the effect of the motor's leakage inductance. This 
45 is described in the Swedish patent application No. 8902883-1 . Such frequency inverters can be used together 
with a control system according to the present invention. Then the vector diagram in Fig. 4 will be valid also 
for the real motor including the leakage inductance, and the signals Sr and Sm can be generated according to 
this diagram. However, the calculation of airgap voltage according to equations (23) and (24) should still be 
used. 

so if current source frequency inverters are used, the leakage inductance in Fig. 14 will not disturb the control 

system, as can be proved by the following simple reasoning. The current sources are assumed to be "ideal" 
and deliver the correct currents independent of the circuit impedance. The correct total current Is (= Im + Ir) 
will flow through the stator resistance and the leakage inductance and reach the "airgap", where an airgap vol- 
tage E is created as a product of the total current and the impedance in the rest of the circuit. The total current 

55 Is wi II be divided in two components, magnetizing current Im and rotor current Ir. The airgap voltage E is meas- 
ured and used for control of the magnetizing current, according to the present invention. Consequently, the 
magnetizing current will be constant, and thanks to this there will be quadrature between the magnetizing cur- 
rent and the rotor current. There is only one possible way to divide the stator current Is into two separate cur- 
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rents, under the given conditions. Thus the two currents will be created exactly, at least in theory, as they 
have been commanded in field coordinates by the control system. Consequently, the commanded currents 
will control the motor with perfect field orientation, in this case with Natural Field Orientation. The system is 
not disturbed by the stator resistance or the leakage inductance. (The only effect of the leakage inductance is 

5 that the terminal voltage V will be slightly higher because of the voltage drop in the leakage inductance.) These 
favourable conditions are a reason why current source frequency inverters are preferred for a control system 
according to the present invention. 

Fig. 16 shows another system according to the present invention which is basically the same system as 
in Fig. 8. However, an external control signal Ir is used instead of the control signal Sr. 

10 The control system calculates a voltage control signal Sr according to Fig. 4: 

Sr = Ir Rs + E * (28) 

by means of a constant multiplying circuit 36 and an adder circuit 37 and the obtained signal Sr is connected 
to the vector rotator 12. 

This converted version makes it possible to control the rotor current by the external control signal Ir, al- 
15 though the motor is voltage controlled and has voltage source frequency inverters. However, the influence of 
the leakage inductances is not eliminated. It is not a "true" current control system. 

The control characteristics are essentially the same as for a current controlled DC motor. The control signal 
Ir controls the torque. 

Fig. 17 shows another system according to the present invention which is basically the same system as 
20 in Fig. 9. An external control signal Sr is used instead of the control signal Ir. 
The control system calculates a current control signal Ir. 

Ir = (Sr - E * ) / Rs (29) 
by means of an adder circuit 38 and a constant multiplying circuit 39 and the obtained signal Ir is connected 
to the vector rotator. 

25 This converted version makes it possible to control the rotor voltage by the external signal Sr, although 

the motor is current controlled by current source frequency inverters. The influence of the leakage inductances 
is partly eliminated by the current source frequency inverters. 

The control characteristics are the same as for a voltage controlled DC motor. The rotor voltage controls 
essentially the speed. 

30 Figs. 1 8 and 1 9 show systems with three-phase motors 40. Except for the three phases, the systems are 

identical with the system in Fig. 8. A similar conversion to three phases (not shown) can be made for the system 
in Fig. 9. 

In Fig. 18 the vector rotator 41 has a three-phase output and the vector counterrotator 42 has a three-phase 
input. 

35 An extra frequency inverter 43 is needed for the third phase, as well as extra measuring means for voltage 
44 and current 45. 

Measurements and calculations in block 28 should be made for all phases. 

In Fig. 19 there are separate conversion blocks 46 and 47 between two and three phases. 

Suitable transformation formulas can be found for example in "Power Electronics and AC Drives", pages 
40 46 - 48. by B.K. Bose, Prentice Hall. 

The control system according to the present invention measures the airgap voltage vector E, which is a 
two-dimensional quantity, defined for example in polar coordinates by an amplitude and an angle. The system 
needs only the amplitude of this vector, converted to field coordinates. The system doesn't use the information 
about the vector angle. This is a redundant information, which can be used for automatic parameter adaptation 
45 according to the following description. 

The angle of the vector E in the real motor shall be parallel with the "commanded" vector E, which is parallel 
with the control signal Sr. A parallelity error indicates an error in the system. 

The two vector rotators are controlled by the same rotation angle a, although in opposite directions. The 
effects cancel each other. Thus, by definition the two output signals (e, E) of the counterrotator 29 are parallel 
so with the two control signals (Sm, Sr) to the first vector rotator 12. 

Consequently, the measured vector (E1*, E2*), transformed to field coordinates shall be parallel with the 
E* output. Any angular error in the measured vector will give a contribution on the s output, which thus indicates 
an error. Said error signal may be used for parameter adaption of the model values of the motor. 

In order to locate and isolate the error it is necessary to make some simplifying assumptions. It is assumed 
55 that the vector rotators operate mathematically correct, that the frequency inverters don't distort the signals, 
and that the measurement of phase voltage and phase current is correct A system with voltage source fre- 
quency inverters is studied. (A similar study can be made for current source frequency inverters.) It is assumed 
that the different motor phases are identical. Leakage inductances are neglected in this example. 
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In the complete system, including the control system with vector rotators, the frequency inverters and the 
real motor, there remain only two components which may have errors, viz the stator resistance Rs and the 
main inductance L. Errors are defined as the difference between the assumed component values in the system 
model and the real component values in the motor. 

5 The stator resistance Rs may be adapted at zero speed (or low speed) operation. Assume motor operation 

with no load and zero speed, for example immediately after power turn-on. The input signal Sr is zero. The 
frequency w is zero and the airgap voltage E is zero. The rotor current Ir is zero, but the magnetizing current 
Im shall have its nominal value. This is true DC operation and thus all voltage and current components are 
parallel with Sm. The circuit for estimation of the airgap voltage calculates the vector (E1*, E2*) according to 

10 equations (20) and (21). 

This estimated vector shall be zero. If not, an error component will appear on the output s from the vector 
rotator. The error depends on a wrong value of Rs in the system model in one or both phases. The signal on 
the output e can be used as an error signal (plus or minus), which adjusts Rs up or down until the error signal 
s is zero. 

15 Alternatively, an adjustment of the value Rs can be made individually in each phase according to equations 
(20) and (21), if the calculation and correction is made in block 28, Figs. 8 and 9. However, in this case the 
adjustment must be made during DC-conditions, and ideally when the magnetizing current Im has its maximum 
value in each phase. Thus the vector rotator should be rotated 90° between the two measurements and ad- 
justments (or 120° and 240° for three-phase operation). 

20 This adjustment works correctly for any value of Vn (or Isn) greater than zero. The voltage is used as a 

"test signar, as in a conventional ohm-meter. The same adjustment method can be used for control systems 
with voltage source frequency inverters and current source frequency inverters. 

The main inductance L can be adjusted at high speed operation. This method can be used only when Rs 
has been adjusted to a correct value. The main inductance L is assumed to have the same value in all phases. 

25 Assume motor operation during high speed, and thus high modulating frequency w. The magnetizing cur- 
rent Im depends essentially on the main inductance L. An error in the model value of L gives an error in the 
magnetizing current Im. Since the magnetizing current gives a voltage drop in the stator resistance Rs, a current 
error will give a voltage drop error in the stator resistance. This error is parallel with the voltage Sm, and will 
appear in the output s from the vector rotator. The signal on the output e can be used as an error signal (plus 

30 or minus), which adjusts L down or up until the error signal on £ is zero. 

By operating and adjusting the system according to two different parameter adaptation methods during 
different operating conditions, it is possible to achieve a correct parameter adjustment for the two unknown 
motor parameters Rs and L. It is also possible to start a new system with an unknown motor and make the 
initial adjustment automatically. 

35 The two methods can be used alternatively, depending on the motor's actual operation conditions. A small 

Sr signal indicates that the first method should be used, and a larger Sr signal indicates that the second method 
should be used. It is also possible to use the two methods simultaneously, in a system where the two methods 
are added with different weighting factors, depending on the operating conditions. 

It should be observed that the inductance L is a stable parameter, and an initial adjustment during the first 

40 start of a system may be enough. Then the first method can be used continuously at all speeds, thus compen- 
sating for variations in the stator resistance when the motor temperature changes. 

An additional method is to have a temperature sensor in the motor stator, and make temperature compen- 
sation of Rs based on the measured temperature. 

The leakage inductances have been neglected so far. It has been shown that the most important parameter 

45 adjustment occurs during DC conditions (the first method), when the leakage inductances have zero impe- 
dance, and really are neglectable. 

The parameter adjustment is important. The magnetizing current is controlled essentially by the stator re- 
sistance at low frequencies, and essentially by the main inductance at high frequencies. A correct adjustment 
guarantees that the magnetizing current will remain correct during all operating conditions, also during dynamic 

so conditions with quick changes between high and low speed. Thus the quadrature, and consequently the Natu- 
ral Field Orientation, will remain correct all the time. 

It is assumed that the control system operates during almost ideal conditions, with small errors. An error 
signal on the output s of the vector rotator indicates that the airgap voltage vector E has a slight error in its 
angular direction. Of course also the output E* will have an error in such a case, although very small, because 

55 the signal E* is proportional to the cosine of the error angle. This error is generally neglectable. It would also 
be impossible to separate it from the real signal. 

Most systems for field oriented control are known to be sensitive for variations in the rotor resistance. It 
can be concluded from the present description that a control system according to the present invention is in- 
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herently insensitive to variations in the rotor resistance. If current source frequency inverters are used the con- 
trol system will be totally independent of the rotor resistance. If voltage source frequency inverters are used, 
the rotor resistance will have influence on the rotor current, exactly as in a voltage controlled DC motor, but 
the measurement of the airgap voltage and consequently the control of the magnetizing current Im and the 
5 Natural Field Orientation will not depend on the rotor resistance. 

This is an important advantage in comparison with a control system according to the Swedish patent No 
8000118 in which the rotor resistance Rr is included in the calculation formulas. 

One approach for parameter adaption has been described above. It is based on redundant measurement 
information in the control system. It is obvious that other sources of redundant information, for example meas- 
10 urement of the rotor speed, can be used for parameter identification or adjustment 

Also the redundant information in Figs. 10, 11, 12 and 13 can be used for parameter adaption or for control 
purposes. For example, it is possible to calculate the counter EMF U* by help of the following equation which 
is obtained from Figs. 2 and 4: 

U * = Sr * - Ir * (Rs + Rr) (30) 
15 This value of IP is proportional to the rotor speed and can be used as a "synthetic" (or estimated) tach- 
ometer signal in a speed control loop. However, it is not as accurate as a real tachometer signal. 

The current Ir* is proportional to the motor torque, and can be used in a torque control loop, for example 
together with the systems in Figs. 10 or 11. 

The frequency inverters are assumed to be "ideal" according to the present description (see the description 
20 of Fig. 7). It is not necessary for the operating principle to have "ideal" frequency inverters. Also simpler inver- 
ters, for example thyristor frequency inverters with a relatively low switching freqency, can be used in a motor 
control system according to the present invention. 

A control system according to the present invention can be designed with any type of electrical circuits, 
such as analog or digital circuits or any mix of such circuits. 
25 A vector counterrotator is used in the present description for transforming the estimated airgap voltage 

from stator coordinates to field coordinates. The output E from the vector rotator represents the stationary air- 
gap voltage vector in field coordinates. It is not necessary to use a vector rotator. The absolute value of the 
vector can be calculated as: 

|E*| = V(E1 * )2 + (E2 * )2 (31) 

30 

If the rotation vector E has a constant amplitude, this calculated value will be a constant value without ripple, 
also for low frequencies down to zero frequency. In a three-phase system, an equivalent calculation is: 

I E * I =2/3 V(E1 *)2+ (E2*)2+ (E3*)2 (32) 
Of course it is possible to obtain a value of the airgap voltage also in each single phase, by a rectifier with a 

35 filter or a hold-function, but this will not work satisfactorily at very low frequencies, because of the ripple or 
the long time between the sampling moments. It may be possible to use some kind of "computing RMS con- 
verter", or even "thermal RMS converter", or some kind of peak detector. 

However, it is also necessary to know the sign (plus or minus) of the value E. Some kind of "phase sensitive 
rectifier" may be used for this purpose, in addition to or in combination with the above computation formulas, 

40 or together with other formulas. 

These were only examples. The vector rotator seems to be the best solution. However, it is possible to 
use any physical and mathematical method for measuring and calculating a value of the airgap voltage E in 
field coordinates, still within the scope of the invention. 

The PCT patent application PCT/SE88/00124 discloses an improvement of the original control system ac- 

45 cording to Swedish patent No. 8000118. The non-linear magnetization characteristics of the stator and rotor 
iron can be compensated by a simple addition to the control system. The modulation in vector rotator 12, blocks 
13 and 15 of the voltage component Sm is made with a modified sine and cosine function, intended to com- 
pensate for the nonlinear voltage drop in stator resistance Rs caused by the nonlinear magnetizing current. 
This improvement can also be used together with the present control system, for voltage source frequency 

so inverters as well as current source frequency inverters. In the case of current source frequency inverters the 
magnetizing current Im should be modulated in vector rotator 12, blocks 13 and 15 with a modified sine and 
cosine function. 

In recent years a new control strategy for the AC induction motor has been described, sometimes char- 
acterized as "limit cycle control of flux and torque". It is based on the observation that a three-phase frequency 
55 inverter system consists of three pairs of semiconductor switches, which can create only six different voltage 
vectors plus a zero vector. The control system switches between these vectors according to a switching table, 
in order to create optimal switching. This principle is primarily intended to make efficient use of the inverter 
and avoid unnecessary switching. An example of the new control strategy is described in "A new Quick- 
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Response and High-Efficiency Control Strategy of an Induction Motor" by Isao Takahashi and Toshihiko No- 
guchi, IEEE Transactions on Industry Applications, Vol. IA-22, No. 5. September/October 1986. 

It would be possible to apply this switch method to a control system according to the present invention. 
The control system would deliver necessary information to the switching table. 
5 The four systems according to the present invention are based on airgap voltage measurement. Thus the 

need for a speed sensor on the rotor shaft is eliminated. 

The system with current source frequency inverters controls the motor torque, and the system with voltage 
source frequency inverters controls essentially the motorspeed. Depending on the application, there is a need 
for both types of systems. 

10 Current source frequency inverters eliminate the influence of leakage inductances, and create correct rotor 

current independent of the rotor resistance. Thus, systems with current source inverters are considered to rep- 
resent the best version of the present invention. 

The control characteristics can be changed and improved by external control loops, for example with tach- 
ometer or position feedback loops. This is made according to conventional control theory and is not described 

15 here. 

As mentioned previously, the airgap voltage can be measured by special measuring windings in the motor. 
The windings measure the induced voltage in the airgap, caused by the magnetic airgap field. However, there 
are three diffent magnetic fields in the motor, the statorf ield, the airgap field and the rotorf ield. The difference 
between the fields is due to the stator and rotor leakage inductanses. 

20 Of primary interest for the control system according to the present invention is the rotorf ield, which is equiv- 

alent with the airgap field in a motor model with the rotor leakage inductance transformed to the stator side. 
However, the measuring winding measures the true airgap field. Thus, the measured result must be compen- 
sated by a compensation term proportional to the stator current. This is a wellknown compensation method in 
systems which use measuring windings or magnetic Hall sensors in the airgap of the motor, see for example 

25 the mathematical motor model in the paper "Natural Field Orientation, a New Voltage Control System for the 
AC Induction Motor", Ragnar Jonsson, Conference proceedings of PCIM Intelligent Motion Conference, Octo- 
ber 1989, Long Beach, California, USA. 

Hereinabove has been described four versions of the new control system according to the present inven- 
tion according to Figs. 8, 9, 16 and 17. They create a large spectrum of control possibilities in addition to that 

30 described in Swedish patent No. 8000118 for the AC induction motor all based on Natural Field Orientation. 



Claims 

35 1. A control system for an AC induction motor (M) for field oriented control, comprising a stator (3), a rotor 
(4), at least two stator windings (1, 2) and rotor windings (5, 6), said control system comprising control 
signals (Sm, Sr), a first vector rotator (12) for rotating said control signals with a first angle (a) for con- 
version from field coordinates to stator coordinates for providing output signals (V1 , V2) connected to fre- 
quency inverters (19, 20) for providing drive signals to each stator winding (1, 2) of the motor, said first 

40 angle (a) being obtained by integrating a rotation frequency (w) by means of an integrating means (22), 

said rotation frequency (w) being controlled essentially for maintaining a magnetizing current (Im) of each 
stator winding (1,2) constant, 
characterized by 

a means (24, 25, 26, 27) for measuring voltages and/or currents of said drive signals or a measuring 
45 winding for measuring an airgap voltage (E); 

at least a second vector rotator (29, 32, 33) for counterrotating said measured voltages and/or cur- 
rents or a combination thereof or airgap voltage (E) with a second angle (-a) which is the inverse of said 
first angle (a) for conversion from stator coordintates to field coordinates, 

a means for determining an estimated air-gap voltage (E*) on the basis of said counterrotated 
so measured voltages and/or currents or a combination thereof or airgap voltage (E); 

a means (23) for determining said rotation frequency (w) on the basis of said estimated air-gap 
voltage (E*) essentially for maintaining the amplitude of said magnetizing currents (Im) of each statorwind- 
ing constant. 

55 2. A control system according to claim 1, characterized by 

a means (24, 25, 26, 27) for measuring both said voltages and said currents of said drive signals; 
a calculation means (28) for calculating air-gap voltages (E1*. E2*...) for each stator winding ac- 
cording to the formulas: 
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E1 * = V1 * - Is1 * Rs 
E2 * = V2 * - Is2 * Rs .... 
said second vector rotator (29) counterrotating said air-gap voltages (E1*, E2*...) for providing an 
output control signal (E*) which represents the airgap voltage in field coordinates; 
said control signal (E*) controlling said rotation frequency (w); and where 



E1* = the estimated airgap voltage for the first stator winding 

E2* = the estimated airgap voltage for the second stator winding 

V1* = the measured stator drive voltage of the first stator winding 

V2* = the measured stator drive voltage of the second stator winding 

Is1 * = the measured stator drive current of the first stator winding 

Is2* = the measured stator drive current of the second stator winding 

Rs = the nominal stator resistance for each winding. 



A control system according to claim 1, characterized by 

a means (24, 25, 26, 27) for measuring both said voltages and said currents of said drive signals; 

a calculation means (28) for calculating air-gap voltages (E1*, E2*...) for each stator winding ac- 
cording to the formulas: 

E1 * = V1 * - Is1 * (Rs + s I) 
E2 * = V2 * - Is2 * (Rs + s I) .... 
said second vector rotator (29) counterrotating said air-gap voltages (E1*, E2*...) for providing an 
output control signal (E*) which represents the airgap voltage in field coordinates; 
said control signal (E*) controlling said rotation frequency (w); and where 



E1* = the estimated airgap voltage for the first stator winding 

E2* = the estimated airgap voltage for the second stator winding 

V1* = the measured stator drive voltage of the first stator winding 

V2* = the measured stator drive voltage of the second stator winding 

Is1* = the measured stator drive current of the first stator winding 

Is2* = the measured stator drive current of the second stator winding 

Rs = the nominal stator resistance for each winding 

s = the Laplace-operator 

I = the total nominal leakage inductance for each stator winding, with the rotor leakage induc- 
tance transformed to the stator side and added to the stator leakage inductance. 



A control system according to claim 2 or 3, characterized by a means (23) for calculating said rotation 
frequency (w) according to the formula: 

w = E * /(Im L) 

and a means (22) for calculating the first angle (a) as the time integral of said rotation frequency (w) ac- 
cording to the formula: 

a = Jwdt 

where 

L = the main inductance of each stator winding, defined for a motor model with the total leakage 

inductance on the stator side 
Im = the desired magnetizing current. 

A control system according to claim 4, characterized in that said control signals to said control system 
are two voltage control signals (Sm, Sr), said first control signal (Sm) essentially being generated accord- 
ing to the formula Sm = Im Rs, said first control signal (Sm) being delayed 90° in relation to said second 
control signal (Sr) by said first vector rotator (12), said frequency inverters (19, 20) being of a voltage 
source type (Fig. 8), or in that said control signals to said control system are two current control signals 
(Im, Ir), the first control signal being essentially the desired magnetizing current (Im), said first control 
signal (Im) being delayed 90° in relation to said second control signal (Ir) by said first vector rotator (12), 
said frequency inverters (30, 31) being of a current source type (Fig. 9). 

A control system according to claim 4, characterized by 

said control signals to said control system being a single current control signal (Ir) representing 
the desired rotor current; a means (36) for multiplying said current control signal (Ir) with a constant (Rs) 
in a multiplier circuit and a means (37) for adding the measured output control signal (E*) for providing a 
second control signal (Sr) to the first vector rotator (12); a first control signal (Sm) being provided to the 
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vector rotator, which is delayed 90° in relation to said second control signal (Sr) by said first vector rotator 
(12), said first control signal (Sm) essentially being generated according to the formula Sm = Im Rs; said 
frequency inverters (19, 20) being of a voltage source type (Fig. 16), or 

said control signal to said control system being a single voltage control signal (Sr), a means (38) 
for subtracting the measured output control signal (E*) from said control signal (Sr) and multiplying (39) 
the result (Sr - E*) with the inverse of the stator resistance (1 / Rs) for providing a second control signal 
(Ir) to the first vector rotator (12); a first control signal (Im) being provided to the first vector rotator (12) 
which is delayed 90° in relation to said second control signal (Ir) by said first vector rotator (12), said first 
control signal being essentially the desired magnetizing current (Im); said frequency inverters (30, 31) 
being of a current source type (Fig. 1 7). 

A method for controlling an AC induction motor (M) for field oriented control, comprising a stator (3), a 
rotor (4), at least two stator windings (1 , 2) and rotor windings (5, 6), by a control system comprising control 
signals (Sm, Sr), a first vector rotator (12) for rotating said control signals with a first angle (a) for con- 
version from field coordinates to stator coordinates for providing output signals (V1, V2) connected to fre- 
quency inverters (19, 20) for providing drive signals to each stator winding (1, 2) of the motor, said first 
angle (a) being obtained by integrating a rotation frequency (w) by means of an integrating means (22), 
said rotation frequency (w) being controlled essentially for maintaining a magnetizing current (Im) of each 
stator winding (1 , 2) constant, 
characterized by 

measuring voltages and/or currents of said drive signals or measuring an airgap voltage (E); 

counterrotating said measured voltages and/or currents or a combination thereof or airgap voltage 
(E) by at least a second vector rotator (29, 32, 33) with a second angle (-a) which is the inverse of said 
first angle (a) for conversion from stator coordintates to field coordinates, 

a means for determining an estimated air-gap voltage (E*) on the basis of said counterrotated 
measured voltages and/or currents or a combination thereof or airgap voltage (E); 

determining said rotation frequency (w) on the basis of said estimated air-gap voltage (E*) essen- 
tially for maintaining the amplitude of said magnetizing currents (Im) of each stator winding constant. 

A method according to claim 7, characterized by 

measuring both said voltages and said currents of said drive signals; 
calculating air-gap voltages (E1*. E2*...) for each stator winding according to the formulas: 

E1 * = V1 * - Is1 * Rs 
E2 * = V2 * - Is2 * Rs .... 
counterrotating said air-gap voltages (E1*. E2*...) by said second vector rotator (29) for providing 
an output control signal (E*) which represents the airgap voltage in field coordinates; 
calculating said rotation frequency (w) according to the formula: 

w = E * /Im L 

calculating the first angle (a) as the time integral of said rotation frequency (w) according to the 
formula: 

a = Jwdt 

and where 



E1* = the estimated airgap voltage for the first stator winding 

E2* = the estimated airgap voltage for the second stator winding 

V1* = the measured stator drive voltage of the first stator winding 

V2* = the measured stator drive voltage of the second stator winding 

Is1* = the measured stator drive current of the first stator winding 

Is2* = the measured stator drive current of the second stator winding 

Rs = the nominal stator resistance for each winding 

L = the main inductance of each stator winding, defined for a motor model with the total leakage 

inductance on the stator side 

Im - the desired magnetizing current. 



A method according to claim 7, characterized by 

measuring both said voltages and said currents of said drive signals; 
calculating air-gap voltages (E1*, E2\..) for each stator winding according to the formulas: 
E1 * = V1 * - Is1 * (Rs + s I) 
E2* = V2* - Is2* (Rs + si).... 
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counterrotating said air-gap voltages (E1*. E2*...) by said second vector rotator (29) for providing 
an output control signal (E*) which represents the airgap voltage in field coordinates; 



calculating said rotation frequency (w) according to the formula: 

w = E * /Im L 

5 calculating the first angle (a) as the time integral of said rotation frequency (w) according to the 

formula: 

a = Jwdt 

and where 

E1* = the estimated airgap voltage for the first stator winding 

10 E2* = the estimated airgap voltage for the second stator winding 

V1 * = the measured stator drive voltage of the first stator winding 

V2* = the measured stator drive voltage of the second stator winding 

Is1 * = the measured stator drive current of the first stator winding 

Is2* = the measured stator drive current of the second stator winding 

15 Rs = the nominal stator resistance for each winding 

s = the Laplace-operator 

I = the total nominal leakage inductance for each stator winding, with the rotor leakage induc- 

tance transformed to the stator side and added to the stator leakage inductance 
L = the main inductance of each stator winding, defined for a motor model with the total leakage 

20 inductance on the stator side 

Im = the desired magnetizing current 



10. A method according to claim 8 or 9, characterized by 

said second vector rotator (29) counterrotating said air-gap voltages (E1*, E2*...) for providing an 
25 output control signal (E*) which represents the airgap voltage in field coordinates and an error signal (s) 

in field coordinates, 

operating the control system and the motor with low or zero speed; adjusting a model value of the 
stator resistance (Rs) until the error signal is as small as possible, and/or 

operating the control system and the motor with a high speed; adjusting a model value of the main 
30 inductance (L) until the error signal is as small as possible. 



Patentanspruche 

35 1. EineVorrichtungzurRegelungeinesWechselstromasynchronmotors(M)furfeldorientierte Regelung,be- 
stehend aus einem Stander (3), einem Laufer(4), mindestens zwei Standerwicklungen (1, 2) und Laufer- 
wicklungen (5, 6), genannte Regelungsvorrichtung bestehend aus Steuersignalen (Sm, Sr), einem ersten 
Vektordreher (12) fur Rotation der genannten Steuersignale mit einem ersten Winkel (a) fur Transforma- 
tion von Feldkoordinaten zu Standerkoordinaten, urn Ausgangssignale (V1, V2) zu liefern, an Frequenz- 

40 umrichter (19, 20) angeschlossen, umTreibersignale an jede Standerwicklung (1, 2) des Motors zu liefern, 

genannter erster Winkel (a) erhalten durch Integration einer Rotationsfrequenz (w) mit Hilfe einer Inte- 
grationseinrichtung (22), gennante Rotationsfrequenz (w) gesteuert hauptsachlich urn einen magnetisie- 
renden Strom (Im) in jeder Standerwicklung (1 , 2) konstant zu halten, 
gekennzeichnet von 

45 einer Vorrichtung (24, 25, 26, 27) zur Messung von Spannungen und/oder Stromen genannter Trei- 

bersignale oder einer Messwicklung zur Messung einer Luftspaltspannung (E); 

mindestens einem zweiten Vektordreher (29, 32, 33) fur Gegenrotation genannter gemessenen 
Spannungen und/oder Stromen oder einer Kombination davon oder einer Luftspaltspannung (E) mit ei- 
nem zweiten Winkel (-a), der das Umgekehrte vom genannten ersten Winkel (a) ist, fur Transformation 
50 von Standerkoordinaten zu Feldkoordinaten, 

einer Vorrichtung fur Feststellung einer geschatzten Luftspaltspannung (E*) basiert auf den ge- 
nannten gegenrotierten gemessenen Spannungen und/oder Stromen oder einer Kombination davon oder 
Luftspaltspannung (E); 

einer Vorrichtung (23) fur Feststellung genannter Rotationsfrequenz (w) basiert auf der genannten 
55 geschatzten Luftspaltspannung (E*), hauptsachlich urn die Amplitude genannter Magnetisierungsstrome 

(Im) in jeder Standerwicklung konstant zu halten. 

2. Eine Regelungsvorrichtung gemass Anspruch 1 , gekennzeichnet von 
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einer Vorrichtung (24, 25, 26, 27) fur Messung sowohl genannter Spannungen als auch genannter 
Strome von genannten Treibersignalen; 

einer Berechnungsvorrichtung (28) fur Berechnung der Luftspaltspannungen (E1*, E2* ...) von je- 
der Standerwicklung gemass den Formeln: 

E1 * = V1 * - Is1 * Rs 
E2 * = V2 * - Is2 * Rs ... 
genanntem zweiten Vektordreher (29) gegenrotierend genannten Luftspaltspannungen (E1*, 
E2* ...) fur Lieferung eines Ausgangssteuersignals (E*) das die Luftspaltspannung in Feldkoordinaten re- 
prasentiert; 

genanntem Steuersignal (E*) steuernd genannte Rotationsfrequenz (w); und wo 



E1* = die geschatzte Luftspaltspannung von der ersten Standerwicklung 

E2* = die geschatzte Luftspaltspannung von der zweiten Standerwicklung 

V1* = die gemessene Standertreiberspannung von der ersten Standerwicklung 

V2* = die gemessene Standertreiberspannung von der zweiten Standerwicklung 

Is1* = der gemessene Standertreiberstrom von der ersten Standerwicklung 

Is2* - der gemessene Standertreiberstrom von der zweiten Standerwicklung 

Rs = der Nennwiderstand in jeder Standerwicklung. 



Eine Regelungsvorrichtung gemass Anspruch 1, gekennzeichnet von 

einer Vorrichtung (24, 25, 26, 27) fur Messung sowohl genannter Spannungen als auch genannter Strome 
von genannten Treibersignalen; 

einer Berechnungsvorrichtung (28) fur Berechnung der Luftspaltspannungen (E1*, E2* ...) von je- 
der Standerwicklung gemass den Formeln: 

E1 * = V1 * - Is1 * (Rs + si) 
E2 * = V2 * - Is2 * (Rs + si) ... 
genanntem zweiten Vektordreher (29) gegenrotierend genannten Luftspaltspannungen (E1*. 
E2* ...) fur Lieferung eines Ausgangssteuersignals (E*) das die Luftspaltspannung in Feldkoordinaten re- 
prasentiert; 

genanntem Steuersignal (E*) steuernd genannte Rotationsfrequenz (w); und wo 



E1* = die geschatzte Luftspaltspannung von der ersten Standerwicklung 

E2* = die geschatzte Luftspaltspannung von der zweiten Standerwicklung 

V1* = die gemessene Standertreiberspannung von der ersten Standerwicklung 

V2* = die gemessene Standertreiberspannung von der zweiten Standerwicklung 

Is1* = der gemessene Standertreiberstrom von der ersten Standerwicklung 

Is2* = der gemessene Standertreiberstrom von der zweiten Standerwicklung 

Rs = der Nennwiderstand in jeder Standerwicklung 

s = der Laplace-Operator 

I = die vollstandige Nennleckinduktivitat jeder Standerwicklung, mit der Lauferleckinduktivitat 
an die Standerseite transformiert und mit der Standerleckinduktivitat addiert. 



Eine Regelungsvorrichtung gemass Anspruch 2 Oder 3, gekennzeichnet von einer Vorrichtung (23) fur 
Berechnung genannter Rotationsfrequenz (w) gemass der Formel: 

w = E * / (Im L) 

und einer Vorrichtung (22) fur Berechnung des ersten Winkels (a) als das Zeitintegral von der ge- 
nannten Rotationsfrequenz (w) gemass der Formel; 

a = fw dt 

wo 

L = die Hauptinduktivitat jeder Standerwicklung, def iniertfur ein Motormodell mitdervollstandigen 

Leckinduktivitat auf der Standerseite 
Im = der gewunschte Magnetisierungsstrom. 

Eine Regelungsvorrichtung gemass Anspruch 4, gekennzeichnet von dass genannte Steuersignale an 
genannter Regelungsvorrichtung zwet Spannungssteuersignale (Sm, Sr) sind, genanntem ersten Steu- 
ersignal (Sm) hauptsachlich gemass der Formel Sm = Im Rs erschaffen wird, genanntem ersten Steuer- 
signal (Sm) 90° verspatet im Vergleich zum genannten zweiten Steuersignal (Sr) vom genannten ersten 
Vektordreher (12), genannten Frequenzumrichter(19, 20) sind Spannungsgeneratoren (Fig. 8), Oder dass 
genannte Steuersignale an genannter Regelungsvorrichtung zwei Stromsteuersignale (Im, Ir) sind, das 
erste Steuersignal hauptsachlich der gewunschte Magnetisierungsstrom (Im) ist, genanntem ersten Steu- 
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ersignal (Im) 90° verspatet im Vergleich zum genannten zweiten Steuersignal (lr) vom genannten ersten 
Vektordreher (12), genannte Frequenzumrichter (30, 31) sind Stromgeneratoren (Fig. 9). 

Eine Regelungsvorrichtung gemass Anspruch 4, gekennzeichnet von dass 

die Steuersignale zur genannten Regelungsvorrichtung ein einziges Stromsteuersignal (lr) ist, das 
den gewunschten lauferstrom reprasentiert; einer Vorrichtung (36) fur Multiplikation vom genannten 
Stromsteuersignal (lr) mit einer Konstante (Rs) in einer Multiplikationsschaltung und einer Vorrichtung 
(37) fur Addition vom gemessenen Ausgangssteuersignal (E*) urn ein zweites Steuersignal (Sr) an den 
ersten Vektordreher (12) zu liefern; einem ersten Steuersignal (Sm), das an den Vektordreher geliefert 
wird, das vom genannten ersten Vektordreher (12) urn 90° verspatet ist im Vergleich zu dem genannten 
zweiten Steuersignal (Sr), genanntem ersten Steuersignal (Sm) hauptsachlich gemass der Formel Sm = 
Im Rs erschaffen; die genannten Frequenzumrichter (19, 20) sind Spannungsgeneratoren (Fig. 16), oder 
dass 

das genannte Steuersignal zur genannten Regelungsvorrichtung ein einziges Spannungssteuer- 
signal (Sr) ist, einer Vorrichtung (38) fur Subtraktion vom gemessenen Ausgangssteuersignal (E*) vom 
genanntem Steuersignal (Sr) und Multiplikation (39) vom Resultat (Sr - E*) mit dem invertierten Wert des 
Standerwiderstandes (1/Rs) urn ein zweites Steuersignal (lr) an den ersten Vektordreher (12) zu liefern; 
ein erstes Steuersignal (Im) wird an den ersten Vektordreher (1 2) geliefert das vom genannten ersten Vek- 
tordreher^) urn 90° verspatet ist im Vergleich zu dem genannten zweiten Steuersignal (lr), das genannte 
erste Steuersignal hauptsachlich der gewunschte Magnetisierungsstrom Im ist; genannte Frequenzum- 
richter (30, 31) sind Stromgeneratoren (Fig. 17). 

Ein Verfahren zur Regelung eines Wechselstromasynchron motors (M) fur feldorientierte Regelung, be- 
stehend aus einem Stander (3), einem Laufer (4), mindestens zwei Standerwicklungen (1, 2) und Laufer- 
wicklungen (5, 6), von einer Regelungsvorrichtung bestehend aus Steuersignalen (Sm, Sr), einem ersten 
Vektordreher (12) fur Rotation der genannten Steuersignale mit einem ersten Winkel (a) fur Transforma- 
tion von Feldkoordinaten zu Standerkoordinaten urn Ausgangssignale (V1, V2) zu liefern, an Frequenz- 
umrichter (19, 20) angeschlossen umTreibersignale an jede Stan der wicklung (1,2) des Motors zu liefern, 
genannter erster Winkel (a) erhalten durch Integration einer Rotationsfrequenz (w) mit Hilfe einer Inte- 
grationseinrichtung (22), gennante Rotationsfrequenz (w) gesteuert hauptsachlich urn einen magnetisie- 
renden Strom (Im) in jeder Standerwicklung (1, 2) konstant zu halten, 
gekennzeichnet von 

Messung von Spannungen und/oder Stromen genannter Treibersignale Oder Messung einer Luft- 
spaltspannung (E); 

Gegenrotation genannter gemessenen Spannungen und/oder Strome Oder einer Kombination da- 
von oder Luf tspaltspannung (E) von mindestens einem zweiten Vektordreher (29, 32, 33) mit einem zwei- 
ten Winkel (-a), der das Umgekehrte vom genannten ersten Winkel (a) ist, fur Transformation von Stan- 
derkoordinaten zu Feldkoordinaten, 

einer Vorrichtung fur Feststellung einer geschatzten Luf tspaltspannung (E*) basiert auf den ge- 
nannten gegenrotierten gemessenen Spannungen und/oder Strome, oder einer Kombination davon oder 
Luftspaltspannung (E); 

Feststellung genannter Rotationsfrequenz (w) basiert auf der geschatzten Luftspaltspannung (E*) 
hauptsachlich urn die Amplitude genannter Magnetisierungsstrdme (Im) in jeder Standerwicklung kon- 
stant zu halten. 

Ein Verfahren gemass Anspruch 7, gekennzeichnet von 

Messung sowohl genannter Spannungen als auch genannter Strome von genannten Treibersigna- 

len; 

Berechnung der Luftspaltspannungen (E1*, E2* ...) von jeder Standerwicklung gemass den For- 

meln: 

E1 * = V1 * - Is1 * Rs 
E2* = V2* - Is2* Rs... 
Gegenrotation genannter Luftspaltspannungen (E1*. E2* ...) vom genannten Vektordreher (29) fur 
Lieferung eines Ausgangssteuersignals (E*) das die Luftspaltspannung in Feldkoordinaten reprasentiert; 
Berechnung genannter Rotationsfrequenz (w) gemass der Formel: 

w = E * /(Im L) 

Berechnung des ersten Winkels (a) als das Zeitintegral von der genannten Rotationsfrequenz (w) 
gemass der Formel: 
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a = Jwdt 

und wo 



E1* = die geschatzte Luftspaltspannung von der ersten Standerwicklung 

E2* = die geschatzte Luftspaltspannung von der zweiten Standerwicklung 

5 V1* = die gemessene Standertreiberspannung von der ersten Standerwicklung 

V2* = die gemessene Standertreiberspannung von der zweiten Standerwicklung 

Is1* = der gemessene Standertreiberstrom von der ersten Standerwicklung 

Is2* = der gemessene Standertreiberstrom von der zweiten Standerwicklung 

Rs = der Nennwiderstand in jeder Standerwicklung 

10 L = die Hauptinduktivitat jeder Standerwicklung, def iniert fur ein Motormodell mit der vollstan- 

digen Leckinduktivitat auf der Standerseite 

Im = der gewunschte Magnetisierungsstrom. 

9. Ein Verfahren gemass Anspruch 7, gekennzeichnet von 
f5 Messung sowohl genannter Spannungen als auch genannter Strome von genannten Treibersigna- 

len; 

Berechnung der Luftspaltspannungen (E1*, E2* ...) von jeder Standerwicklung gemass den For- 



meln: 

E1 * = V1 * - Is1 * (Rs + si) 
E2* = V2* - Is2* (Rs + si)... 
Gegenrotation genannter Luftspaltspannungen (E1*, E2* ...) vom genannten Vektordreher(29)fur 
Lieferung eines Ausgangssteuersignals (E*) das die Luftspaltspannung in Feldkoordinaten reprasentiert; 



Berechnung genannter Rotationsf requenz (w) gemass der Formel: 

w = E * /(Im L) 

25 Berechnung des ersten Winkels (a) als das Zeitintegral von der genannten Rotationsf requenz (w) 

gemass der Formel: 

a = Jwdt 

und wo 

E1* = die geschatzte Luftspaltspannung von der ersten Standerwicklung 

30 E2* = die geschatzte Luftspaltspannung von der zweiten Standerwicklung 

V1* = die gemessene Standertreiberspannung von der ersten Standerwicklung 

V2* = die gemessene Standertreiberspannung von der zweiten Standerwicklung 

Is1* = der gemessene Standertreiberstrom von der ersten Standerwicklung 

Is2* = der gemessene Standertreiberstrom von der zweiten Standerwicklung 

35 Rs = der Nennwiderstand in jeder Standerwicklung 

s = der Laplace-Operator 

I = die vollstandige Nennleckinduktivitat jeder Standerwicklung, mit der Lauferleckinduktivitat 

an die Standerseite transformiert und an der Standerleckinduktivitat addiert. 
L = die Hauptinduktivitat jeder Standerwicklung, def iniert fur ein Motormodell mit der vollstan- 

40 digen Leckinduktivitat auf der Standerseite 

Im = der gewunschte Magnetisierungsstrom. 



1 0. Ein Verfahren gemass Anspruch 8 Oder 9, gekennzeichnet von 

genanntem Vektordreher (29) gegenrotierend genannte Luftspaltspannungen (E1*. E2* ...JfurLie- 
ferung eines Ausgangssteuersignals (E*), das die Luftspaltspannung in Feldkoordinaten und ein Fehier- 
signal (e) in Feldkoordinaten reprasentiert, 

die Regelungsvorrichtung und den Motor mit nied rig eroder null Geschwindigkeitfahren; einen Mo- 
dellwert vom Standerwiderstand (Rs) nachstellen, bis das Fehlersignal so klein wie moglich ist, und/oder 

die Regelungsvorrichtung und den Motor mit hoher Geschwindigkeitfahren; einen Modellwert von 
der Hauptinduktivitat (L) nachstellen, bis das Fehlersignal so klein wie moglich ist. 



Revendications 

1. Systeme de commande pour moteur (M) a induction a courant alternatif pour la commande orient£e de 
champ, comprenant un stator (3), un rotor (4), au moins deux enroulements de stator (1, 2) et enroule- 
ments de rotor (5, 6), ledit systeme de commande comprenant des signaux de commande (Sm t Sr), un 
premier rotateurvectoriel (12) pourfaire tourner lesdits signaux de commande d'un premier angle (a) pour 
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la conversion des coordonnees de champ en coordonnees de stator af in de fournir des signaux de sortie 
(V1, V2) connectes a des inverseurs de frequences {19, 20) afin de fournir des signaux d'entramement 
a chaque enroulement de stator (1, 2) du moteur, ledit premier angle (a) etant obtenu en integrant une 
frequence de rotation (w) au moyen de moyens d'integration (22), ladite frequence de rotation (w) etant 
commandee essentiellement pour maintenir constant un courant de magnetisation (Im) de chaque enrou- 
lement de stator (1, 2), 
caracterise par 

un moyen (24, 25, 26, 27) pour mesurer des tensions et/ou des courants desdits signaux d'entraT- 
nement ou un enroulement de mesure pour mesurer une tension d'entrefer (E) ; 

au moins un second rotateur vectoriel (29, 32, 33) pour fa ire tourner en sens inverse lesdites ten- 
sions et/ou courants ou une combinaison de ceux-ci ou une tension d'entrefer (E) d'un second angle (- 
a) qui est I'inverse du premier angle (a) pour la conversion des coordonnees de stator en coordonnees 
de champ ; 

un moyen pour determiner une tension estimee d'entrefer (E*) sur la base desdites tensions et/ou 
courants ou une combinaison de ceux-ci ou une tension d'entrefer (E) mesures et tournes en sens inver- 
se ; 

un moyen (23) pour determiner ladite frequence de rotation (w) sur la base de ladite tension estimee 
d'entrefer (E*) essentiellement pour maintenir constante I'amplitude desdits courants de magnetisation 
(Im) de chaque enroulement de stator. 

Systeme de commande selon la revendication 1 , caracterise par 

un moyen (24, 25, 26, 27) pour mesurer a la fois lesdites tensions et lesdits courants desdits si- 
gnaux d'entrainement ; 

un moyen de calcul (28) pourcalculerles tensions d'entrefer (E1*, E2\..) pour chaque enroulement 
de stator selon les formules : 

E1 * = V1 * - Is1 * Rs 
E2 * = V2 * - Is2 * Rs... 
ledit second rotateur vectoriel (29) faisant tourner en sens inverse lesdites tensions d'entrefer (E1 *, 
E2*) pour fournir un signal de commande de sortie (E*) qui represente la tension d'entrefer en coordon- 
nees de champ ; 

ledit signal de commande (E*) commandant ladite frequence de rotation (w) ; et ou 



E1* = la tension d'entrefer estimee pour le premier enroulement de stator 

E2* = la tension d'entrefer estimee pour le second enroulement de stator 

V1" = la tension d'entramement de stator mesuree du premier enroulement de stator 

V2* = la tension d'entramement de stator mesuree du second enroulement de stator 

Is1* = le courant d'entramement de stator mesure du premier enroulement de stator 

Is2* = le courant d'entrainement de stator mesure du second enroulement de stator 

Rs = la resistance nominale de stator pour chaque enroulement. 



Systeme de commande selon la revendication 1 , caracterise par 

un moyen (24, 25, 26, 27) pour mesurer a la fois lesdites tensions et lesdits courants desdits si- 
gnaux d'entrainement ; 

un moyen de calcul (28) pourcalculerles tensions d'entrefer (E1*, E2*...) pour chaque enroulement 
de stator selon les formules : 

E1 * = V1 * - Is1 * (Rs + si) 
E2 * = V2 * - Is2 * (Rs + si)... 
ledit second rotateur vectoriel (29) faisant tourner en sens inverse lesdites tensions d'entrefer (E1 *, 
E2*) pour fournir un signal de commande de sortie (E*) qui represente la tension d'entrefer en coordon- 
nees de champ ; 

ledit signal de commande (E*) commandant ladite frequence de rotation (w) ; et ou 



E1* = la tension d'entrefer estimee pour le premier enroulement de stator 

E2* = la tension d'entrefer estim£e pour le second enroulement de stator 

V1* = la tension d'entrainement de stator mesuree du premier enroulement de stator 

V2* = la tension d'entramement de stator mesuree du second enroulement de stator 

Is1 * = le courant d'entrainement de stator mesure du premier enroulement de stator 

Is2* = le courant d'entrainement de stator mesure du second enroulement de stator 

Rs = la resistance nominale de stator pour chaque enroulement. 

s = I'operateur de Laplace 
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I = I' inductance nominale totale de fuite pourchaque enroulement de stator, ('inductance de f uite 

du rotor etant transformee du cdte du stator et ajoutee a ('inductance de fuite du stator. 

Systeme de commande selon la revendication 2 ou 3, caracterise par un moyen (23) pour caiculer ladite 
frequence de rotation (w) selon la formule : 

w = E*/(lmL) 

et un moyen (22) pour caiculer le premier angle (a) comme etant I'integrale par rapport au temps 
de la frequence de rotation (w) selon la formule : 

a = Jwdt 

ou 

L = I'inductance principale de chaque enroulement de stator, def inie pour un modele de moteur dont 
('inductance totale de fuite est du cdte du stator 
Im = le courant desire de magnetisation. 

Systeme de commande selon la revendication 4, caracterise en ce que les signaux de commande vers 
iedit systeme de commande sont deux signaux de commande de tension (Sm, Sr), ledit premier signal 
de commande (Sm) etant essentiellement engendre selon la formule 

Sm = Im Rs, 

ledit premier signal de commande (Sm) etant retarde de 90° par rapport audit second signal de 
commande (Sr) au moyen dudit premier rotateur vectoriel (12), lesdits inverseurs de frequence (19, 20) 
etant d'un type a source de tension (figure 8), ou en ce que lesdits signaux de commande vers ledit sys- 
teme de commande sont deux signaux de commande de courant (Im, Ir), le premier signal de commande 
etant essentiellement le cour de magnetisation desire (Im), le premier signal de commande (Im) etant en 
retard de 90° par rapport audit second signal de commande (Ir) au moyen dudit premier rotateur vectoriel 
(12), lesdits inverseurs de frequence (30, 31) etant d'un type a source de courant (figure 9). 

Systeme de commande selon la revendication 4, caracterise par 

lesdits signaux de commande vers ledit systeme de commande etant un signal de commande de 
courant unique (Ir) representant le courant de rotor desire ; un moyen (36) pour multiplier ledit signal de 
commande (Ir) parune constante (Rs) dans un circuit multiplicateuretun moyen (37) pour ajouterle signal 
de commande de sortie mesure (E*) af in de fournir un second signal de commande (Sr) au premier ro- 
tateur vectoriel (12) ; un premier signal de commande (Sm) etant fourni au rotateur vectoriel, qui est re- 
tarde de 90° par rapport audit second signal de commande (Sr) par ledit premier rotateur vectoriel (12), 
ledit premier signal de commande (Sm) etant essentiellement engendre selon la formule Sm = Im Rs ; 
lesdits inverseurs de frequence (19, 20) etant d'un type a source de tension (figure 16), ou 

ledit signal de commande vers ledit systeme de commande etant un signal de commande de ten- 
sion unique (Sr), un moyen (38) pour soustraire le signal de commande de sortie mesure (E*) dudit signal 
de commande (Sr) et multiplier (39) le resultat (Sr - E*) par I' inverse de la resistance de stator (1/Rs) pour 
fournir un second signal de commande (Ir) au premier rotateur vectoriel (12) ; un premier signal de 
commande (Im) etant fourni au premier rotateur vectoriel (12) qui est retarde de 90° par rapport audit se- 
cond signal de commande (Ir) par ledit premier rotateur vectoriel (12), ledit premier signal de commande 
etant essentiellement le courant de magnetisation desire (Im) ; lesdits inverseurs de frequence (30, 31) 
etant d'un type a source de courant (figure 17). 

Procede de commande pour moteur (M) a induction a courant alternatif pour la commande orientee de 
champ, comprenant un stator (3), un rotor (4), au moins deux enroulements de stator (1 , 2) et enroule- 
ments de rotor (5, 6), au moyen d'un systeme de commande comprenant des signaux de commande (Sm, 
Sr), un premier rotateur vectoriel (12) pour faire tourner lesdits signaux de commande d'un premier angle 
( a) pour la conversion des coordonnees de champ en coordonnees de stator af in de fournir des signaux 
de sortie (V1, V2) connectes a des inverseurs de frequences (19, 20) afin de fournir des signaux d'en- 
trainement a chaque enroulement de stator (1, 2) du moteur, ledit premier angle ( a) etant obtenu en in- 
tegrant une frequence de rotation (w) au moyen de moyens d'integration (22), ladite frequence de rotation 
(w) etant commandee essentiellement pour maintenir constant un courant de magnetisation (Im) de cha- 
que enroulement de stator (1,2), 
caracterise en ce que 

on mesure des tensions et/ou des courants desdits signaux d'entratnement ou on mesure une ten- 
sion d'entrefer (E) ; 

on fait tourner en sens inverse lesdites tensions et/ou courants ou une combinaison de ceux-ci ou 
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une tension d'entrefer (E) par au moins un second rotateur vectoriel (29, 32, 33) d'un second angle (- a) 
qui est ('inverse du premier angle ( a) pour la conversion des coordonnees de stator en coordonnees de 
champ ; 

un moyen pour determiner une tension estimee d'entrefer (E*) sur la base desdites tensions et/ou 
5 courants ou une combinaison de ceux-ci ou une tension d'entrefer (E) mesures et tournes en sens inver- 

se ; 

on determine ladite frequence de rotation (w) sur la base de ladite tension estimee d'entrefer (E*) 
essentiellement pour maintenir constante I'amplitude desdits courants de magnetisation (Im) de chaque 
enroulement de stator. 

10 

8. Procede selon la revendication 7, caracterise en ce que 

on mesure a la fois lesdites tensions et lesdits courants desdits signaux d'entratnement ; 

on calcule les tensions d'entrefer (E1*, E2*...) pour chaque enroulement de stator selon les formu- 

les : 

15 E1 * = V1 * - Is1 * Rs 

E2* = V2* - Is2* Rs... 
on fait tourner en sens inverse lesdites tensions d'entrefer (E1*, E2*...) par (edit second rotateur 
vectoriel (29) pour fournir un signal de commande de sortie (E*) qui represente la tension d'entrefer en 
coordonnees de champ ; 
20 on calcule ladite frequence de rotation (w) selon la formule : 

w = E * /Im L 

on calcule le premier angle ( a) comme etant Tintegrale par rapport au temps de ladite frequence 
de rotation (w) selon la formule : 



a = fwdt 

25 et ou 

E1 * = la tension d'entrefer estimee pour le premier enroulement de stator 

E2* - la tension d'entrefer estimee pour le second enroulement de stator 

V1* = la tension d'entratnement de stator mesuree du premier enroulement de stator 

V2* = la tension d'entratnement de stator mesuree du second enroulement de stator 

30 Is1 * - le courant d'entratnement de stator mesure du premier enroulement de stator 

Is2* = le courant d'entratnement de stator mesure du second enroulement de stator 
Rs = la resistance nominale de stator pour chaque enroulement. 

L = I'inductance principale de chaque enroulement de stator, def ini pour un model e de moteur 

dont I'inductance totate de f uite est du cote du stator 
35 Im = le courant desire de magnetisation. 



9. Procede selon la revendication 7, caracterise en ce que 

on mesure a la fois lesdites tensions et lesdits courants desdits signaux d'entratnement ; 
on calcule les tensions d'entrefer (E1*, E2*) pour chaque enroulement de stator selon les formules : 
E1 * = V1 * - Is1 * (Rs + si) 
E2 * = V2 * - Is2 * (Rs + si)... 
on fait tourner en sens inverse lesdites tensions d'entrefer (E1*, E2*) par ledit second rotateur vec- 
toriel (29) pour fournir un signal de commande de sortie (E*) qui represente la tension d'entrefer en coor- 
donnees de champ ; 

on calcule ladite frequence de rotation (w) selon la formule : 

w = E * /Im L 

on calcule le premier angle ( a) comme etant I'integrale par rapport au temps de ladite frequence 
de rotation (w) selon la formule : 

a = Jwdt 

et ou 



E1 * = la tension d'entrefer estimee pour le premier enroulement de stator 

E2* = la tension d'entrefer estimee pour le second enroulement de stator 

Vt* = la tension d'entratnement de stator mesuree du premier enroulement de stator 

V2* = la tension d'entratnement de stator mesuree du second enroulement de stator 

Is1* = le courant d'entratnement de stator mesure du premier enroulement de stator 

Is2* = le courant d'entratnement de stator mesure du second enroulement de stator 

Rs = la resistance nominale de stator pour chaque enroulement. 

L = I'inductance principale de chaque enroulement de stator, def ini pour un modele de moteur 
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dont I'inductance totale de fuite est du cote du stator 
Im - le courant desire de magnetisation, 

s = I'operateur de Laplace 

I = I'inductance nominale totale de f u ite pour chaque enroulement de stator, I'inductance de fuite 

5 du rotor etant transformee du cote du stator et ajoute a I'inductance de fuite du stator. 

10. Precede selon la revendication 8 ou 9, caracterise en ce que 

ledit second rotateur vectoriel (29) fait tourner lesdites tensions d'entrefer (E1*, E2*...) en sens in- 
verse pourfournir un signal de commande de sortie (E*) qui represente la tension d'entrefer dans les coor- 
70 donnees de champ et un signal d'erreur (s) en coordonnees de champ, 

on fait fonctionner le systeme de commande et le moteur a vitesse faible ou nulle ; on ajuste une 
valeur model e de la resistance de stator (Rs) jusqu'a ce que le signal d'erreur soit le plus petit possible 
et/ou 

on fait fonctionner le systeme de commande et le moteur a vitesse elevee ; on ajuste une valeur 
15 modele de I'inductance principale (L) jusqu'a ce que le signal d'erreur soit le plus petit possible. 
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